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Bone morphogenetic protein 4 (BMP4), a member of the TGF b superfamily, has been implicated in the dorsoventral
speci®cation of both mesoderm and ectoderm. High levels of BMP4 signaling appear to specify ventral lineages, while
lower levels are causally associated with the development of dorsal lineages. We have previously identi®ed a homeobox-
containing transcription factor (PV.1) which is a likely mediator of the ventralizing effects of BMP4 in the mesoderm. Here
we provide evidence that PV.1 also functions downstream of BMP4 in the patterning of ectoderm, specifying epidermal
and suppressing neural gene expression. PV.1 is expressed in the prospective neuroectoderm at the time of ectodermal fate
determination. BMP4 and xSmad1 (a downstream effector of BMP4) induce PV.1 in uncommitted ectoderm and the
dominant negative form of the BMP4 receptor (DN-BR) blocks PV.1 expression. In animal pole explants PV.1 counteracts
the neuralizing effects of chordin and the DN-BR and restores them to their original epidermal fate. To address the
physiological signi®cance of these observations we employed an animal cap transplantation system and demonstrated that
overexpression of PV.1 in the prospective neuroectoderm speci®cally blocks neurogenesis in intact embryos. Thus, PV.1
plays an important role in the ventralization of both mesoderm and ectoderm. We have previously shown that PV.1 is also
preferentially expressed in the ventral endoderm, suggesting that this transcription factor may be involved in the ventraliza-
tion of all three germ layers.
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INTRODUCTION the anterior to posterior pattern of the induced neural tissue
re¯ects the anterior to posterior pattern of the inducing
mesoderm (Holtfreter, 1933; Mangold, 1933). In this two-In Xenopus, the central nervous system is induced during
step model neuralizing signals are thought to emanate verti-gastrulation by signals emanating from the dorsal meso-
cally from the invaginating dorsal mesoderm. There is alsoderm (Nieuwkoop, 1952, 1985). Initially, the dorsal-most
evidence that before gastrulation begins, signals derivedmesoderm (also known as Spemann's organizer) induces
from the dorsal mesoderm travel horizontally within theoverlying ectoderm to become anterior neural tissue. Invo-
plane of the ectoderm to in¯uence the differentiation ofluting chordamesoderm then induces the ectoderm to form
ectoderm into anterior and posterior structures (Nieuwkoopmore posterior neural structures such as the hindbrain and
et al., 1952; Savage and Phillips, 1989; Dixon and Kintner,spinal cord (Nieuwkoop, 1952). At the end of neurulation,
1989; Doniach et al., 1992; Ruiz and Altaba, 1992; Mathers
et al., 1995).
A great deal of effort has focused on identifying the extra-1 These authors contributed equally.
cellular molecules that constitute these inducing factors.2 To whom correspondence should be addressed. Fax: (301) 827-
0449. E-mail: aultk@a1.cber.fda.gov. Three secreted factors, follistatin, noggin, and chordin, have
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been shown to have anterior neural-inducing activity in and Harland, 1992). Thus, the dorsal±ventral patterning of
mesoderm and ectoderm appears to depend on BMP signalingvitro and to be expressed in prechordal and notochordal
mesoderm in vivo during gastrulation. (Lamb et al., 1993; levels which are regulated, at least in part, by signals emanat-
ing from the organizer.Hemmati-Brivanlou et al., 1994; Sasai et al., 1995).
Although the search for natural inducers continues, re- We recently reported the identi®cation of a novel homeo-
box gene, PV.1, which mediates the formation of ventralcent experiments involving animal cap dissociation indi-
cate that neural induction can occur as a result of the loss mesoderm (Ault et al., 1996). PV.1 is strongly inducible by
BMP4. Overexpression of PV.1 in the intact embryo mimicsof a secreted epidermalizing activity. These observations
suggest that neural induction is under inhibitory control in the ventralizing effects of BMP4 and counteracts the dor-
salizing effects of the DN-BR (Ault et al., 1996). Four otherthe intact embryo (Godsave and Slack, 1989; Grunz and
Tacke, 1989). Recently, bone morphogenetic protein 4 closely related genes, Xvent1 (Gawantka et al., 1995),
Xvent2 (Onichtchouk et al., 1996), Vox (Schmidt et al.,(BMP4), a member of the transforming growth factor b su-
perfamily, has been proposed to play a crucial role in the 1996), and Xom (Ladher et al., 1996), were independently
cloned and experiments with several of these genes con-speci®cation of ectoderm. It has been postulated that BMP4
acts endogenously to specify epidermis and that neural in- ®rmed a role for this gene family in the ventralization of
mesoderm by BMP4 (Schmidt et al., 1996; Ladher et al.,duction may involve a BMP4 antagonist (Sasai, 1995; Wil-
son and Hemmati-Brivanlou, 1995). Three lines of evidence 1996; Onichtchouk et al., 1996). These observations led us
to examine whether members of this gene family might alsosupport this notion. First, BMP4 suppresses autoneuraliza-
tion and restores dispersed ectodermal cells to the epider- function downstream of BMP4 in its role as an epidermal
inducer and neural suppressor.mal fate of intact explants (Wilson and Hemmati-Brivanlou,
1995). Second, ectopic expression of a dominant negative Here we report that PV.1 is expressed in the Xenopus
ectoderm at the time of ectodermal fate determination. PV.1BMP4 receptor (DN-BR) (Xu et al., 1995, Sasai et al., 1995)
of dominant negative ligands (Hawley et al., 1995) or of is strongly induced in uncommitted ectoderm by BMP4 and
xSmad1 (a downstream effector of BMP4; Graff et al., 1996;antisense BMP4 RNA (Sasai et al., 1995) results in direct
neural induction, suggesting that neural induction requires Thomsen, 1996) and is repressed by the DN-BR. Overex-
pression of PV.1 in isolated animal cap ectoderm reversesthe removal of BMP signals in the ectoderm. Finally, BMP4
antagonizes the neuralizing effects of chordin, noggin, and the neuralizing effects of chordin and the DN-BR and in-
duces animal cap ectoderm to express the epidermal markerfollistatin in animal caps (Sasai, 1995; Xu et al., 1995).
That neural tissue can be induced by speci®c protein fac- XK-81 (Wilson and Hemmati-Brivanlou, 1995). Finally,
overexpression of PV.1 in the prospective neuroectodermtors emanating from the involuting dorsal mesoderm or by
blocking the BMP4 signaling pathway led to the proposal of intact embryos speci®cally blocks neurogenesis. These
observations suggest that PV.1 functions downstream ofthat neuralizing factors function by antagonizing intercellu-
lar BMP signaling (Piccolo et al., 1996; Zimmerman et al., BMP4 in the speci®cation of Xenopus ectoderm.
1996). In support of this theory, noggin, chordin, and fol-
listatin have been shown to directly bind mature BMP pro-
tein and prevent interaction of BMPs with their receptors MATERIALS AND METHODS
(Piccolo et al., 1996; Zimmerman et al., 1996; Fainsod et
al.,1997). All of the above observations suggest that proper
PCR. Ampli®cation of cDNA was performed in 10-ml reactionsregulation of the BMP signaling pathway is central to the
containing 11 PCR buffer (Perkin±Elmer), 200 mM dNTPs, 1 mMspeci®cation of Xenopus ectoderm.
each primer, and 1 unit of Taq polymerase (Perkin±Elmer). CyclingMesodermal patterning also requires an intact BMP signal-
parameters were 947C, 0 s; 557C, 0 s; and 727C, 40 s for each cycle.
ing pathway. Ventral mesoderm is induced by BMP4 (Dale An air thermocycler (Idaho Technology) was used for all experi-
et al., 1992; Jones et al., 1992; Koster et al., 1992) and ectopic ments. Input cDNA for each sample was normalized to histone
expression of the DN-BR converts ventral mesoderm to dor- H4. The primers used for ampli®cation of goosecoid, chordin, car-
sal mesoderm resulting in the formation of a secondary axis diac actin, muscle actin, histone H4, NCAM, NF-M, XK81, BMP4,
xSmad1, PV.1, and EF-1a are described elsewhere (Niehrs et al.,(Suzuki et al., 1994; Ueno et al., 1994; Graff et al., 1994).
1994; Xu et al., 1997; Hemmati-Brivanlou and Melton, 1994; WittaSimilarly, inhibition of BMP signaling by dominant negative
and Sato, 1997; Sasai et al., 1995; Wilson and Hemmati-Brivanlou,ligands or antisense BMP4 mRNA results in mesoderm dor-
1995; Suzuki et al., 1993; Krieg et al., 1989). In Figs. 4 and 5, PCRsalization (Maeno et al., 1994; Hawley et al., 1995; Steinbeis-
products were electrophoresed on a 2% agarose gel that was stainedser et al., 1995). Therefore, an active BMP signal is required
with SYBR Green I nucleic acid gel stain (Molecular Probes) andto produce ventral mesoderm and the formation of dorsal
imaged using a Molecular Dynamics ¯uorescent scanner. In Figs.
mesoderm involves a BMP antagonist. Chordin and noggin 2 and 6, [a-32P]dCTP (Amersham) was incorporated into the PCR
have been identi®ed as potent dorsalizing (as well as neuraliz- products for autoradiography.
ing) factors and are therefore thought to function in the pat- Embryos. Eggs and embryos were obtained and cultured as de-
terning of both mesoderm and ectoderm by antagonizing the scribed (Sargent, 1986). Developmental stages of embryos were de-
termined according to Nieukoop and Faber (1967).ventral BMP signaling pathway (Sasai et al., 1994; Smith
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FIG. 1. Comparison of the coding regions of PV.1 (upper line) and Xvent1 (Gawantka et al., 1995; lower line). Amino acids are in the
single-letter IUPAC code. Colons indicate identities. Asterisks represent stop codons. The homeodomain is underlined.
Preparation of RNA and reverse transcription (RT). Total were allowed to develop to stage 30 before being harvested for
photography or RT-PCR analysis.RNA for RT-PCR was isolated from animal caps using TRIzol (Life
Technologies, Gaithersburg, MD) and treated with DNase (Ampli- Whole-mount immunostaining. Whole-mount immunostain-
ing of embryos was performed as described previously (Hemmati-®cation Grade, Life Technologies) to remove genomic sequences.
Reverse-transcription reactions were performed with Superscript II Brivanlou and Harland, 1989). Mouse anti-muscle actin antibody
12/101 was obtained from the Developmental Studies Hybridoma(Life Technologies) as described by the manufacturer with 2 mg
total RNA per reaction. Bank maintained by the Department of Biological Sciences, Univer-
sity of Iowa. Rabbit anti-mouse IgG conjugated with alkaline phos-Neural induction experiments. Animal caps were removed
from chordin or DN-BR mRNA-injected embryos at stage 9 and phatase was used as second antibody.
were cultured in 0.51 MMR until stage 28.
Whole-mount in situ hybridization. In situ hybridization was
performed following the method of Harland (1991). RESULTS
Microinjection of RNA. Capped RNA was made from linear-
ized plasmid DNA using the mMessage mMachine kit from Am-
Comparison of PV.1 to Xvent1. Of the four other mem-bion (Austin, TX). Embryos kept in 11 MMR and 4% Ficoll 400
bers of this gene family PV.1 shows the highest degree ofwere microinjected at the two- or four-cell stage with mRNA. The
amount of injected RNA and the site of injection are indicated in similarity to Xvent1 (Gawantka et al., 1995). The coding
the ®gure legends. regions of the two genes are 78% identical at the amino
Embryonic transplantation. Two animal blastomeres of donor acid level and show 90% similarity (see Fig. 1). PV.1 and
embryos were injected with 2 ng of PV.1 or control b-galactosidase Xvent1 have three amino acid changes within the homeodo-
mRNA at the two-cell stage. Animal caps (about the central one- main at positions 131, 157, and 167. Two of these changes
third of the whole animal hemisphere tissue) were dissected from are conservative. However, at position 157, the Xvent1
the injected embryos at stage 8. Meanwhile, tissues of the dorsal
homeodomain as published contains a proline, whereasectoderm, the prospective neuroectoderm (from 30 dorsal of the
PV.1 contains a serine. In addition, it appears that PV.1 isintermediate vertical line of the animal pole to right above the
18 amino acids longer than Xvent1.dorsal lip), were removed from recipient stage 10 embryos. The
Despite the similarity between these two genes, we be-vacant area in the recipient embryos was covered immediately with
the animal cap from the injected embryos. The grafted embryos lieve they represent a gene duplication within the genome,
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PV.1 expression in the animal pole ectoderm is induced
by BMP4 and xSmad1 and inhibited by the DN-BR. Dor-
sal expression of BMP4 in intact Xenopus embryos results
in enhanced expression of PV.1, Xom, Vox, Xvent1, and
Xvent2 (Ault et al., 1996; Gawantka et al., 1995; Schmidt
et al., 1996; Ladher et al., 1996; Onichtchouk et al., 1996).
Conversely, ectopic expression of the dominant negative
form of the BMP4 receptor antagonizes expression of these
genes (Ault et al., 1996; Ladher et al., 1996; Onitchouck et
al., 1996). Ladher et al. (1996) have reported that Xom is
induced by BMP4 in isolated animal pole ectoderm. Since
we were interested in determining the function of PV.1 in
ectodermal patterning we thought it important to investi-
gate the effect of BMP4 signaling levels on PV.1 expression
in the ectoderm speci®cally. Animal caps were removed
from stage 8 embryos injected with mRNA encoding BMP4,
xSmad1, or the DN-BR. RT-PCR analysis of total RNA iso-
lated from these caps indicates that PV.1 transcript levelsFIG. 2. PV.1 is expressed in the ectoderm of gastrula stage Xeno-
in the animal pole ectoderm are strongly dependent on thepus embryos. Transcripts were detected by whole-mount in situ
presence of BMP signaling (Fig. 3). PV.1 transcription ishybridization of albino embryos using digoxigenin-labeled PV.1
markedly enhanced by overexpression of BMP4 or XMad1.antisense probe. Lateral view of a stage 11 embryo. Dorsal is left and
Conversely, PV.1 transcription is completely inhibited byventral is right. Animal pole ectoderm is on top. PV.1 expression is
evident in the ectoderm in a ventral to dorsal gradient. the DN-BR.
PV.1 inhibits neural induction by chordin and the DN-
BR. BMP4 has been shown to act as an antagonist of
chordin in mesodermal patterning (Sasai et al., 1995). Toas opposed to a pseudoallelic pair that arose during the
test whether PV.1, like BMP4, can antagonize chordin inglobal duplication of the Xenopus genome (Kobel and Du-
Xenopus pattern formation, four-cell stage embryos werePasquier, 1986). In support of this hypothesis is the ®nding
injected in the ventral marginal zone with a mixture ofthat pseudoallelic pairs for other cloned genes show 95±
mRNAs encoding chordin and PV.1 or chordin and b-galac-99% nucleotide identity within their coding region (Saha
tosidase. Embryos were cultured until stage 36 and wereand Grainger, 1993; P.H.M. and M.J., unpublished), while
scored according to the dorsoanterior index (DAI) of KaoPV.1 and Xvent1 show only 84% identity. In addition, we
and Elinson (1988). As shown in Figs. 4A and 4B, PV.1 coun-have isolated a clone that appears to be the PV.1 pseudoal-
lele (M.-L.D. and M.J., unpublished).
PV.1 is expressed in the ectoderm of gastrula stage em-
bryos. In situ hybridization experiments using digoxi-
genin-labeled antisense probe were performed to assess the
spatial localization of PV.1 transcripts during gastrula
stages of development. As reported earlier, PV.1 is strongly
expressed in the ventral and lateral marginal zone at this
stage of development (Ault et al., 1996). Here we demon-
strate that PV.1 transcripts are also detected in animal pole
ectoderm. At stage 10.5, PV.1 expression begins to spread
from the ventral marginal zone toward the animal pole until
at stage 11.5, PV.1 expression forms a gradient across the
cap with higher levels detected ventrally than dorsally (Fig.
2). By RT-PCR, PV.1 is also detectable in uninduced animal
FIG. 3. Induction of PV.1 by BMP4 and XMad1. RT-PCR analysis.caps aged to stage 11 (data not shown). Thus, PV.1 like
Animal caps injected with mRNA encoding BMP4 (1 ng), xSmad1BMP4 is expressed in gastrula stage ectoderm. Indeed, Xom,
(2 ng), the DN-BR (1 ng), or b-galactosidase (2 ng) were culturedVox, Xvent1, and Xvent2 are all expressed in the ectoderm
until siblings reached stage 11. Total RNA was isolated and assayed
of gastrula stage embryos (Gawantka et al., 1995; Schmidt for expression of PV.1 by RT-PCR. EF-1a was used to normalize
et al., 1996; Ladher et al., 1996; Onichtchouk et al., 1996). between samples. Template from which RT was omitted (indicated
This spatiotemporal expression pattern is compatible with as NRT in the ®gure) was used to con®rm the absence of contami-
a role for these genes in the speci®cation of Xenopus ecto- nating genomic DNA sequences. Overexpression of BMP4 or
derm during gastrulation. We were therefore prompted to xSMad1 in animal caps induces PV.1, whereas ectopic expression
of the DN-BR strongly inhibits PV.1 expression.study the role of PV.1 in this process.
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FIG. 4. PV.1 rescues embryos dorsalized by ventral overexpression of chordin. (A) Lateral view of stage 36 embryos dorsally injected
with 1 ng of chordin mRNA plus 1 ng of PV.1 mRNA. (B) Control embryos coinjected with 1 ng each of mRNA encoding chordin and b-
galactosidase. Embryos receiving injections of mRNA encoding chordin plus b-galactosidase display DAIs ranging from 6 to 9 (n  27),
whereas embryos injected with mRNA encoding chordin plus PV.1 develop normally (DAI  5; n  32).
teracted the dorsalizing effects of chordin and resulted in It has recently been reported that chordin blocks the ef-
fects of BMP-2/4 by directly binding BMP-2/4 growth factorsthe development of the normal ventroposterior structure.
Thus, PV.1 can act as an antagonist of chordin in mesoder- in the extracellular space and thus interfering with their
receptor binding (Piccolo et al., 1996). Therefore, the above-mal patterning.
As mentioned earlier, the organizer-speci®c secreted fac- described observations support that PV.1 is an effector in
the BMP4 signaling pathway able to surpass chordin's inhi-tor chordin has potent neuralizing activity inducing visible
cement glands and an array of anterior neural markers in bition of BMP4 ligand±receptor binding. In further support
of this notion, we found that neural induction in animalanimal caps. Chordin's neural-inducing activity can be an-
tagonized by BMP4 (Sasai et al., 1995). Having found that caps ectopically expressing the DN-BR can be rescued by
coexpression of PV.1. Coexpression of PV.1 restores expres-PV.1 antagonizes the patterning effects of chordin on the
mesoderm, we next tested whether it would affect chordin's sion of XK81 and suppresses expression of the neural mark-
ers NCAM and NF-M induced by the DN-BR (Fig. 5D).neural-inducing activity. Animal caps were removed from
stage 9 embryos injected with a mixture of mRNAs encod- Thus, PV.1 is a likely effector of the BMP4 signaling path-
way, simultaneously suppressing neural and specifying aning chordin and b-galactosidase or with mRNAs encoding
chordin and PV.1. Gross examination of stage 28 animal epidermal program of gene expression.
In vivo inhibition of neurogenesis by PV.1. To con®rmcaps showed that induction of cement gland and solid
masses of neural tissue by chordin mRNA can be eliminated the above observations and further de®ne the physiological
role of PV.1 in neurogenesis, we employed an animal capby coinjecting PV.1 (Figs. 5A±5C). Morphologically, animal
caps coexpressing chordin and PV.1 appeared indistinguish- (AC) transplantation system. Animal caps were removed
from stage 8 donor embryos injected with either PV.1 or b-able from uninduced animal caps. To con®rm our results
we assayed the expression of NCAM (a pan neural marker of galactosidase synthetic mRNA. Dorsal ectoderm (the pro-
spective neuroectoderm) was then removed from recipientneurons and glia), NF-M (neuro®lament-M), a pan neuronal
marker for neurons only, and XK81 (epidermal keritan), an stage 10 embryos and replaced immediately with ACs from
the injected embryos. By lineage labeling we found thatindicator of epidermal differentiation. Figure 5D shows that
N-CAM and NF-M expression in response to chordin is transplants occupy derivatives of the neuroectoderm in the
recipient embryo (data not shown). This experimental ap-blocked by coexpression of PV.1, whereas XK81 expression
is signi®cantly enhanced. These observations suggest that proach enabled us to examine the effects of PV.1 overex-
pression on neural induction alone, separate from the effectsPV.1, like BMP4, functions in vivo to suppress the neuraliz-
ing activity of chordin and maintain epidermal fate. of PV.1 on the patterning of mesoderm. The grafted embryos
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FIG. 5. PV.1 inhibits neuralization in response to chordin and the DN-BR. Two-cell stage embryos were injected in the animal pole with
1.0 ng each of mRNA encoding chordin and PV.1 or chordin and b-galactosidase. Animal caps were excised from stage 8 injected embryos
and cultured until siblings reached stage 28. Caps excised from chordin plus b-galactosidase-injected embryos (A) show extensive cement
gland formation relative to controls (C). Cement gland formation in response to chordin is inhibited in caps coexpressing PV.1 (B). (D)
Coexpression of PV.1 inhibits induction of NCAM and NF-M and enhances XK-81 expression in response to chordin or the DN-BR.
Injected animal caps were cultured until siblings reached stage 28. Total RNA was isolated and assayed for expression of NCAM, NF-M,
or XK81 by RT-PCR. Histone H4 was used to normalize between samples. Caps coexpressing chordin or the DN-BR with PV.1 show
signi®cant reduction in NCAM and NF-M expression levels and enhancement of XK-81 expression.
were allowed to develop to stages 12 and 30 before being with PV.1 mRNA that did not undergo the transplantation
procedure (Fig. 6A). These observations suggest that the dor-harvested for RT-PCR and whole-mount immunostaining,
respectively. As shown in Fig. 6A, embryos grafted with b- sal mesoderm remains relatively unaffected in PV.1 trans-
plant embryos.galactosidase mRNA-injected ACs develop normally,
whereas those grafted with PV.1 mRNA-injected ACs lack Molecular analysis of these embryos by RT-PCR con-
®rmed that the morphological effect of PV.1 overexpressiondorsoanterior structures such as head and spinal cord. When
subjected to immunostaining with antibodies speci®c for in the prospective neuroectoderm is the result of an inhibi-
tion of neurogenesis rather than a perturbation of dorsalmuscle actin we found that muscle formation is intact in
embryos that were recipients of PV.1-injected transplants, mesoderm. We assayed the expression of several molecular
markers of neural and dorsal mesoderm induction. NCAMwhereas somite formation is blocked in embryos injected
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FIG. 6. PV.1 inhibits neurogenesis in vivo. Two-cell stage donor embryos were injected in the animal hemisphere with 2 ng of PV.1 or
control b-galactosidase RNA . ACs were dissected from the injected embryos at stage 8 and transplanted to the region of the prospective
neuroectoderm of recipient stage 10 embryos. Transplant embryos were allowed to develop to stage 30. Some PV.1- or b-galactosidase-
injected embryos were left intact and served as no transplantation controls (0TP). Embryos were then harvested for whole-mount immuno-
staining and photography (A) or RT-PCR analysis (B). Embryos receiving transplants expressing PV.1 (lower right panel) lack a signi®cant
dorsoanterior structure, while those receiving b-galactosidase-expressing transplants (lower left panel) develop normally. Immunostaining
of embryos with 12/101 antibodies reveals somites in PV.1 transplant embryos (lower right, n  8/10), while embryos globally expressing
PV.1 (upper right) show no somite development (n  10/10). (B) Some transplant embryos were cultured until stage 12 or 30. Total RNA
was isolated and assayed for expression of actin, gsc, chordin (chd), and NCAM by RT-PCR. EF1 was used to normalize between samples.
PV.1 transplant embryos show reduced NCAM expression and normal levels of actin, chd, and gsc relative to controls (b-galactosidase
transplant embryos). Embryos expressing PV.1 and not transplanted display reduced levels of NCAM as well as actin, gsc, and chordin.
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was employed as a marker of neural induction. Goosecoid like BMP4 is also expressed in the ectoderm at the time of
epidermal fate speci®cation. Furthermore, PV.1 expression(gsc), an organizer-speci®c homeobox gene, chordin, a dor-
salizing factor activated by organizer-speci®c homeobox in the animal pole ectoderm is strongly dependent on the
presence of BMP signaling. To determine whether PV.1 cangenes, and muscle actin were employed as markers of dorsal
mesoderm (Blumberg et al., 1991; Sasai et al., 1994; Mohun act as an effector of BMP4 in the speci®cation of Xenopus
ectoderm we assessed the functional properties of PV.1 inet al., 1984). As shown in Fig. 6B, NCAM expression is
markedly reduced in embryos that were recipients of PV.1- the ectoderm. By both morphological and molecular crite-
ria, we found that PV.1 blocks neuralization by chordininjected ectoderm compared to embryos receiving b-galac-
tosidase-injected transplants. Expression levels of the meso- in animal pole explants. This ability has been previously
described for BMP4 (Sasai et al., 1995). Furthermore, PV.1dermal markers gsc and chd at stage 12 and muscle actin
at stage 30 were identical in these two sets of embryos. In counteracts the neuralizing effects of the DN-BR in animal
caps, restoring them to their original epidermal fate. Thus,embryos injected with PV.1 mRNA that did not undergo
the transplant procedure both NCAM and the mesodermal PV.1 can autonomously reactivate an epidermal program of
gene expression.markers are strongly inhibited relative to b-galactosidase
mRNA-injected controls. These results demonstrate that To address the signi®cance of these observations in the
intact embryo, we employed an animal cap transplantationPV.1 overexpression in the prospective neuroectoderm re-
sults in the suppression of neural markers in the presence system. This system has the advantage that endogenous
planar and vertical signals are maintained, thereby allowingof unaltered mesoderm. Therefore, the absence of neural
tissue in these embryos is due to failure on the part of the us to study the effects of PV.1 on neurogenesis in its natural
environment. As mentioned earlier, PV.1 has been showndorsal ectoderm to respond to the stimulus of the inducing
dorsal mesoderm. to be a potent ventralizing agent in the mesoderm, inhib-
iting the organizer-speci®c gene gsc. However, we found
that transplantation of PV.1-expressing ectoderm was suf-
®cient to con®ne the effects of PV.1 to the prospective neu-DISCUSSION
roectoderm of recipient embryos. Thus, we were able to
study the effects of PV.1 on the speci®cation of ectoderm,Dorsoventral patterning of early embryonic tissue is cen-
tral to the development of vertebrate embryos. Each individ- separate from the effects of PV.1 on mesodermal patterning.
Using this approach we found that overexpression of PV.1ual germ layer, ectoderm, mesoderm, and endoderm, gener-
ates an array of tissues which possess different positional in the prospective neuroectoderm results in the develop-
ment of embryos with reduced dorsoanterior structure. Im-values along the dorsal±ventral axis. It is not known
whether the dorsoventral patterning of each of the germ munostaining of these embryos with antibodies speci®c to
muscle actin revealed the presence of somites. Somites arelayers is generated by the same determinants or whether
each germ layer is utilizing a different system. Recent exper- not detectable by this method in embryos globally express-
ing PV.1. Furthermore, by RT-PCR we found that PV.1iments have suggested that proper regulation of the BMP4
signaling pathway is critical to the dorsoventral speci®ca- transplant embryos express normal levels of gsc, chordin,
and muscle actin, while NCAM expression is markedly re-tion of both mesoderm and ectoderm (Dale et al., 1992;
Jones et al., 1992; Koster et al., 1992; Suzuki et al., 1994; duced. From these observations we conclude that overex-
pression of PV.1 in the ectoderm of intact Xenopus embryosMaeno et al., 1994; Ueno et al., 1994; Graff et al., 1994;
Wilson and Hemmati-Brivanlou, 1995; Xu et al., 1995; Sasai results in failure of the ectoderm to respond to the neuraliz-
ing signals of the involuting dorsal mesoderm.et al., 1995; Hawley et al., 1995; Piccolo et al., 1996; Zim-
merman et al., 1996). High levels of BMP4 signaling appear All of the above observations support that PV.1 is a criti-
cal component in the speci®cation of Xenopus ectodermto specify ventral lineages, while lower activity is causally
associated with the development of dorsal lineages. We have and possibly mediates the effects of BMP4. In addition to
its effects in the speci®cation of the mesodermal germ layer,previously demonstrated that the homeobox containing
transcription factor PV.1 is a likely mediator of the ven- we have previously observed that PV.1 is preferentially ex-
pressed in the ventral endoderm, suggesting that PV.1 maytralizing effects of BMP4 in the mesoderm. PV.1 is one of
®ve closely related genes found to function downstream of also function in the dorsal±ventral patterning of the endo-
dermal germ layer (Ault et al., 1996). Therefore, it appearsBMP4 in this capacity. These observations led us to deter-
mine whether members of this gene family might also func- that PV.1 may be involved in the ventralization of all three
germ layers possibly as part of the BMP4 signaling pathway.tion as effectors of BMP4 in the speci®cation of Xenopus
ectoderm. Xom, Vox, Xvent1, and Xvent2 have all been Some reports have implicated other members of this gene
family in the speci®cation of Xenopus ectoderm. Both voxfound to be expressed in the prospective neuroectoderm at
the time of ectodermal fate speci®cation suggesting a role and Xvent2 have been shown to be expressed very close to
the neural plate during gastrulation (Schmidt et al., 1996;for such genes in this process. We were therefore prompted
to investigate the role of PV.1 in the dorsal±ventral pat- Onichtchouk et al., 1996). Such a delineation of the neural
plate by these genes suggests that they might also play aterning of ectoderm. In this paper we demonstrate that PV.1
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170 Ault et al.
an engrailed-related protein is induced in the anterior neuralsigni®cant role in ectodermal patterning. Furthermore, vox
ectoderm of early Xenopus embryos. Development 106, 611±617.has been shown to inhibit neural plate markers when dor-
Hemmati-Brivanlou, A., Kelly, O. G., and Melton, D. A. (1994). Fol-sally overexpressed in intact embryos (Schmidt et al., 1996).
listatin, an antagonist of activin, is expressed in the SpemannWhile this observation is suggestive, it is not clear whether
organizer and displays direct neuralizing activity. Cell 77, 283±suppression of these markers is due to the potent ventraliz-
295.
ing effect of vox on the mesoderm. Here we provide the Holtfreter, J. (1933). Die totale exogastrulation, eine selbstablosung
®rst functional evidence that a member of this gene family, des ektoderms vom entomesoderm. Roux's Arch. Entwicklungs-
PV.1, plays an important role in the early decision of ecto- mech. Org. 129, 669±793.
derm to become epidermis or neuroectoderm. Jones, C. M., Lyons, K. M., Lapan, P. M., Wright, C. V. E., and Ho-
gan, B. L. M. (1992). DVR-4 (bone morphogenetic protein-4) as a
posterior ventralizing factor in Xenopus mesoderm induction.
Development 115, 639±647.
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